Introduction
Progress over the past couple of years in resist materials, fluorine laser technology and lens materials aimed at 157nm lithography has resulted in the emergence of this technology as the preferred option for fabricating 70nm devices, which are expected to be in manufacture by 2005 [1]. Improvements are still required, however, especially in resist materials, where the key challenge has been the development of polymer backbones with sufficient transparency to permit a resist thickness consistent with the demands of plasma etching. The problem is that virtually allorganic materials absorb strongly at 157nm [2] [3] [4] [5] , limiting definitive selection of a viable materials platform. Commercial phenolic-based deep-UV resists, for example, show molar absorbances of the order of 7-8 µm 1 at 157nm compared with approx. 0.5 µm`1 at 248nm. Optical densities of approx. 0.4 are required for vertical sidewall imaging, so acceptable imaging at 157nm would require the thickness of a 248nm resist to be reduced below 65nm. Exposing the resist at this thickness may be adequate for evaluating optical performance of the first generation of 157nm exposure tools, but it is impractical in device manufacturing because of etch and defect concerns associated with such a thin film.
Early work at MIT had identified two materials platforms, with transparencies low enough to permit film thicknesses on the order of 200+nm. Specifically, fluoropolymers and Much work has been done on fluoropolymers as platforms for single layer resists, but these materials require addition of absorbing monomers to improve their etch resistance [6, 7] . Siloxanes and silsesquioxanes, on the other hand, provide appropriate platforms for the imaging layer in a bilayer resist system. In these polymers, the silicon-containing unit is in the main chain as opposed to the side chain modifications typically found in 248nm and 193nm designs. The main chain polymers are transparent at 157nm and have high silicon content, a prerequisite for efficient pattern transfer by 02 reactive-ion etching. Outgassing yields from irradiated polysiloxanes at 157nm are reported to be low [4] .
The structural modifications required to build a chemically-amplified resist from these compounds, invariably add to absorbance at 157nm. For example, Sooriyakumaran et al. [8] at IBM reported that the absorbance of a silsesquioxane polymer, functionalized with a fluorocarbinol group to promote aqueous-base solubility, was three to five times greater than that of the corresponding base resin.
Considerable effort has been devoted to taking conventional, moderately transparent, resist platforms and blocking groups, and modifying their absorption through appropriate I. Photopolym. Sci. Technol., Vol.15, No.4, 2002 fluorination of the polymer backbone [6, 7, [9] [10] [11] [12] . Recent spectroscopic studies [13] on the effect of the hexafluoroisopropanol (UFIP) group on the absorbance of polystyrene, for example, have shown that the absorbance of polystyrene is reduced from 6.6µm' to 3.44µm 1 for poly(4-HFIPstyrene). A similar observation was also made by the IBM group at Almaden [3] who reported an absorbance of 3.2µm"1 for the HFIP derivatized polymer. This base-developable, fluoroalcohol group has been adopted by most research groups as the replacement for the phenols and carboxylates used at longer wavelengths, including analogous modified ESCAP formulations with HFIPstyrene [3, 14, 15] .
The blocking group must also be chosen carefully to minimize contribution to absorption at 157nm. Acetal groups do not absorb strongly at this wavelength and have been widely used. One problem with acetal groups, however, is their tendency to outgas during exposure, especially simple acetals based on low molecular weight alcohols. Our previous work on bulky acetal derivatized polyhydroxystyrene (PHS) showed that the level of out-gassing could be significantly reduced by appropriate choice of the blocking group [16, 17] .
In this paper, we extend the concept of bulky acetals to 157nm resist design. We report results on a single layer resist design by employing nonsilicon containing acetal groups. We also report preliminary lithographic data on a siliconcontaining acetal in a bilayer resist system. The absorbance of polymer films was measured on an Acton VUV Spectrometer Model CAMS-507-PUV. The films were spin-coated onto 1-inch calcium fluoride disks and soft-baked at 120°C for 120 seconds to remove all solvent. Film thickness was measured using an n&k tool, enabling normalization of the absorbance of each polymer.
Lithographic properties:
Photoresist formulations were prepared by blending the polymers with standardized amounts of a photo acid generator (PAG) and an organic amine in propylene glycol monomethyl ether acetate (PGMEA). Films were deposited by spin coating to a specified soft film thickness. The films were soft-baked at 120°C for 60 seconds and exposed to 157 nm wavelength using an Exitech exposure tool (NAO.65 =a =0.3). The films were subjected to a post-exposure bake of 110°C for 60 seconds prior to development. The images were puddle developed for 45 seconds using an aqueous 0.262 N tetramethylammonium hydroxide solution.
Etch properties:
Bulk etch rates in an 02/502 plasma were determined using a LAM TCP 9400 reactive ion etcher. The change in resist film thickness was determined after etching for 60 seconds, enabling the bulk etch rate to be directly calculated. Resist films were spin-coated on silicon and soft baked at 130 °C for 90 seconds.
In experiments involving pattern transfer into the underlying substrate, line space patterns were first printed into 2350 A of imaging layer using an ASML/700 exposure tool (NAO.63, =c,/a1 = 0.80/0.50). The photoresist film was deposited over a thermally-cured underlayer, and soft baked at 120 °C for 90 seconds to a specified film thickness. The underlayer was prepared by spincoating a film over silicon and baking it at 205 °C for 90 seconds. Pattern transfer to the underlayer was achieved using an 02/502 etch in a LAM TCP 9400 reactive ion etcher.
3 Results and Discussion 3.1 Polymer composition and absorbance: Table 1 shows the absorbance of several polymer backbones together with the glass transition temperature (Tg) of each material. The results show that the absorbance of PHS is reduced as HS is replaced with a fluorinated monomer, such as HFIPstyrene or hexafluoroisopropyl acrylate (HFIPA). For example, HS copolymers containing HFIPstyrene and HFIPA show 35% and 11% improvement respectively in optical density over PHS. The carbonyl-bond in the acrylate functionality is known to absorb strongly at 157nm, explaining the higher absorbance of HFIPA based homo-and copolymers compared with the corresponding HFIPstyrene-polymers. While the incorporation of HFIPA reduces the overall absorbance of PHS, the low Tg of poly(HFIPA) places a practical limit on the composition of the copolymer.
We next modified certain PHS-based polymers and copolymers to study the influence of blocking group structure on absorbance at 15 7nm. The acetal-derived polymers were formed by reacting the HSbased polymers with tertiary-butyl vinyl ether (t-BVE) and an alcohol as described previously [16] . The procedure is depicted in Scheme 1:
The acetal functional groups used in this study are shown in A (copolymer) = x.A (t-butyl-acetal) + y.A (HS) where x and y are the mole fractions of each unit in the copolymer. Molar absorbances of copolymer (A (copolymer)) and PHS (A (HS)) are determined experimentally enabling calculation of the t-butyl acetal blocked HS moiety. In the same fashion, absorbance of the R-acetal blocked HS can be calculated from the equation:
where x, y, and z are the mole fractions of the respective components.
The results in Figure 1 indicate that the effectiveness of the acetal groups in our study that lowered optical density follows the order of silicon-derivative>cyclohexylethyl>t-butyl.
The acetals based on fluoroalkyl and naphthalene methyl groups showed higher absorbance than PHS. The lowest absorbance is observed in the silicon-derivative group.
The different absorbance values for the individual acetal groups are reflected in the absorbance of the corresponding PHS-acetals in Table 3 . All non-silicon containing polymers absorb too strongly to be considered suitable for a single layer resist where a minimum film thickness of 2500 A is required to meet most of the plasma etching conditions. The Si-acetal polymer, on the other hand, has an optical density enabling acceptable imaging at film thicknesses of 750 to 1500 A, which is adequate for bilayer resist application. Diluting the PHS polymer backbone with more transparent, fluorinated units is an effective means of lowering the overall polymer absorbance. The optical density for one such copolymer blocked with 10 mole% of silicon-acetal is 4.0µm'' (Table 4) .
Film shrinkage characteristics of bulky acetals
Photoresist film shrinkage is caused by the mass/volume loss due to volatilization of the byproducts of the deprotection reaction [18] . Figure 2 shows the changes in film thickness for the silicon-acetal as a function of exposure dose prior to bake and develop steps. As seen with other bulky acetals, this resist only loses a maximum of 1 % of the original film thickness over the dose range studied. The film shrinkage of this "bulky" acetal is insignificant compared to around 11 % film loss for the tertiary-butyl-acetal based resist, as reported earlier [16] .
XPS-data generated on the silicon-acetal resist at International SEMATECH, using the technique Table 4 157 nm absorbance data of Poly(HS-based copolymer) silicon-acetal described by Hien et al. [19] , showed no silicon outgassing upon exposure at 157nm. The low film shrinkage for the silicon-acetal based resist correlates with the low volatility of the corresponding alcohol, generated upon exposure.
Given the concerns that have been raised regarding the contamination of the optics of exposure tools by volatile by-products, this demonstration of minimal film loss and no silicon outgassing is encouraging.
Lithographic performance of Si-acetal based bilayer resist:
The results in Figure 3 show the resolution capability of the bilayer resist at a film thickness of 750 A of imaging layer over 800 A of DUV 30. 130nm dense trench patterns could be printed at an exposure dose of 15.5 mJ/cm2 with an ultimate resolution of 80 nm.
3.4 Etch characteristics of Si-acetal based bilayer resist: Figure 4 shows the etch rates obtained from silicon-acetals at varying silicon content. Under the etching conditions chosen, acceptable rates can be obtained with silicon content greater than about 7%. Results are comparable to those obtained with TIS2000. Figure 5 shows 150nm dense line-space patterns transferred into 5000 A of an underlayer designed specifically for 248nm bilayer application [20] . Excellent etch selectivity between silicon-containing imaging layer and thermally cured underlayer is attested to by the fact that about 20% of the original film thickness (2350 A) of imaging layer was left after etching through 5000 A of underlayer. 
